A series of novel salicylanilide ester derivatives were synthesized, characterized, and evaluated for 13 cercaricidal potential against Schistosoma japonicum and molluscicidal potential against Oncomelania 14 hupensis. Four derivatives exhibited remarkable cercaricidal activity superior to that of niclosamide. Among 15 them, the most active compound 4c showed a marked minimum effective cercaricidal concentration as low as 16 0.43 μM and significant molluscicidal activity with an LC 50 of 0.206 g/m 2 . Particularly, 4c displayed 88-fold 17 decreased fish-toxicity on Danio rerio and 44-fold reduced cytotoxicity on human kidney cells HEK293 in 18 comparison with niclosamide. The results indicated that 4c could be served as a promising drug candidate 19
Hz, Ph-H), 3.83 (s, 3H, OCH3).
13
C-NMR (100 MHz, CDCl 3 ) δ: 163.54, 162.39, 147.72, 146.76, 143.92, 126 133.28, 133.07, 132.99, 132.96, 132.73, 132.50, 131.17, 131.06, 129.97, 129.79, 125.12, 119.14, 117.96, 127 117.94, 117.69, 105.50, 56.46 . 13 C-133 NMR(100MHz, CDCl 3 ) δ: 170.14, 168.53, 167.14, 152.87, 151.65, 148.49, 138.25, 138.18, 138.09, 137.70, 134 137.03, 135.36, 134.31, 130.03, 129.59, 124.13, 122.28, 121.22, 121.00, 110.24, 61.07 . 2.4 Hz, Ph-H), 2H, 1H, 3.69 (s, 3H, OCH 3 ). 13 C-NMR (100 MHz, 140
CDCl 3 ) δ: 164.09, 162.30, 147.72, 146.82, 143.75, 141.41, 133.41, 133.08, 132.70, 132.02, 130.70, 129.46, 141 129.43, 127.00, 125.10, 119.20, 117.90, 105.38, 56.25. 142 4-Chloro-2-((2-methoxy-4-nitrophenyl)carbamoyl)phenyl 4-bromobenzoate (4h 165.20, 162.30, 147 147.72, 146.80, 143.77, 133.41, 133.08, 132.77, 132.46, 132.08, 130.69,130.07, 129.45, 127.45, 125.10, 148 119.19, 117.91, 105.40, 56.25. 149 4-Chloro-2-((2-methoxy-4-nitrophenyl)carbamoyl)phenyl 3,4-difluorobenzoate (4i 165.30, 162.37, 147.86, 146.47, 154 143.81, 135.06, 133.45, 133.03, 132.80, 130.52, 129.63, 125.11, 119.27, 117.88, 112.65, 112.43, 112.40, 155 105.89, 105.64, 105.41, 56.32. 156 4-Chloro-2-((2-methoxy-4-nitrophenyl)carbamoyl)phenyl thiophene-2-carboxylate (4j (dd, 1H, J = 9.2, 2.4 Hz, Ph-H), 7.74 (d, 1H, J = 4.0 Hz, Ph-H), 7.67 (d, 1H, J = 2.8 Hz, Ph-H), 7.57 (dd, 1H, J 160 = 10.0, 2.4 Hz, thiophene-H), 7.28 (d, 1H, J = 6.8 Hz, 1H, 3.70(s, 161 3H, OCH 3 ). 13 C-NMR (100 MHz, CDCl 3 ) δ: 162.26, 160.23, 147.85, 146.53, 143.73, 136.02, 135.18, 133.54, 162 133.05, 132.68, 131.71, 130.98, 129.28, 128.64, 125.04, 119.27, 117.88, 105.33, 56.19. 163 4-Chloro-2-((2-methoxy-4-nitrophenyl)carbamoyl)phenyl cyclopropanecarboxylate (4k 164.50, 162.54, 155.20, 148.18, 143.36, 134.58, 133.57, 132.60, 174 132.09, 127.53, 123.22, 119.86, 119.46, 118.04, 114.66, 105.43, 71.22, 59.48. 175 Cercaricidal activity assay. Oncomelania hupensis snails were collected from the western part of the 176 Dongting Lake, Hunan Province, China, and were transported to National Institute of Parasitic Diseases, 177
Chinese Center for Disease Control and Prevention. Snails were maintained in containers which were paved 178 with wet filter paper. Schistosoma japonicum cercariae were collected from the infected Oncomelania 179 hupensis snails. The obtained salicylanilide ester derivatives (4a-4l) were diluted by dechlorinated water after 180 being dissolved in DMSO. Schistosoma japonicum cercariae were plated in Microtiter 96-well plates (each 181 well with 50 cercariae) and then exposed to serial concentrations of target compounds. Assays were performed 182 in triplicate. Niclosamide was used as a positive control, and DMSO was used as a negative control. Minimum 183 effective concentrations against cercariae with 100% effectiveness were determined after 30 min incubation at 184 25 ℃. 185
Molluscicidal activity assay. Healthy Oncomelania hupensis snails were collected from the western part 186 of the Dongting Lake, Hunan Province, China. The snails were fed on boiled or oven-dried lettuce leaves and 187 got acclimatized to laboratory conditions for 3 weeks. added. After 2 to 4 h incubated at 37 ℃, 100 μL of detergent reagent was added to each well. Plates were left 209 covered in the dark at 37 ℃ for at least 2 h and then measured on an automated microplate spectrophotometer 210 (Bio-Tek Instruments, Winooski, VT) at 550 nm. Niclosamide was used as a positive control, and DMSO wasused as a negative control. The concentration of drug inhibition for 50% of cells (IC 50 ) was calculated using 212 the software of dose-effect analysis with microcomputers. 213
Acute lethal fish-toxicity test. Danio rerio were used in the present study as test animals. In the 214 laboratory, fish were reared in glass aquariums of 60 L capacity, continuously aerated through stone diffusers 215 connected to a mechanical air compressor. Fish density was in the range of 12 fish in each aquarium. Fish 216 used in bioassay tests had an average weight of 0.3 ± 0.1g and an average length of 20 ± 1mm. Equal numbers 217 of males and females were used throughout. Batches of new fish were maintained for at least one week in 218 dechlorinated water to get acclimatized before performing any toxicity test. Water temperature was maintained 219 at 23 ± 1℃ throughout. Fish were maintained in a natural illuminating system under normal prevailing 220 photoperiod of 18 h light and 6h dark. Toxicity tests were performed using apparently healthy fish of equal 221 size, length and age. Fish were starved from one day before tests and throughout the exposure time. Serial 222 concentrations of 4c and 4f were used to assess the toxicity. The test solution of each concentration was 223 prepared in a separate aquarium and replicated for at least twice. The temperature of solutions was adjusted 224 and maintained at 23℃±1℃. PH value was adjusted and maintained at 7.0 ± 0.2. Ten fish were introduced to 225 each aquarium and confined for an exposure interval of 96 h. The vitality of the fish was under a real-time 226 monitoring. Niclosamide was used as a positive control. Negative control fish were maintained in a similar 227 aquarium that contains only fresh water, and were observed throughout to make sure that experimental 228 conditions were not posing any additional toxicity to test fish. Dead fish were removed as soon as their death 229 was confirmed. At the end of the exposure interval, final mortality records were made in treated and control 230 aquariums. Results were subjected to probit analysis to produce regression lines and to determine the 10%, 231 50% and 90% lethal concentrations (LC 10 , LC 50 and LC 90 ) (23). 232
Enzyme activity assay. Soft tissues of Schistosoma japonicum cercariae were homogenized in phosphate 233 buffered saline (PBS, pH 7.4) and centrifuged at 12,000 g at 4℃. The supernatant was used for assay. Sigma-Aldrich) and Acetylcholinesterase Activity Assay Kit (MAK119, Sigma-Aldrich), respectively. 237
RT-PCR assay. Schistosoma japonicum cercariae were collected from the infected Oncomelania 238 hupensis snails using the same method as described above. After the addition of 4c (1, 10 and 100μM, 239 respectively), cercariae were then incubated in RPMI1640 medium at 37℃under 5% CO 2 condition for 4 h. 240
Actin was served as a control. Total RNA was extracted from Schistosoma japonicum cercariae using Trizol 241 (Invitrogen) according to the manufacturer's instructions. The quantity and quality of the RNA samples were 242 assessed by NanoDropND-2000 spectrophotometer and denaturing agarose gel electrophoresis. Random-243 primed reverse transcription (RT) was performed using 1.5 μg total RNA according to the Super Script II kit 244 protocol (Promega). NOS primer sequence: 5'-ATATGGAACCACAAAAGTGATTG-3' (forward) and 5'-245 GCGATTAAGCACATTCTGTTTTA-3' (reverse), amplification fragment was 276 bp. Actin primer sequence: 246 5'-ATATGGCCGACGAGGAAGTCC-3' (forward) and 5'-GATTAGAAGCATTTACGGTGAACAA-3' 247 (reverse). PCR conditions were as follows: 94°C for 2 min, 94°C for 30 s and 57°C for 45 s, and 72°C for 50 s 248 for 33 cycles, followed by 72°C for 7 min. PCR product was detected on agarose gel electrophoresis. 249
RESULTS 250
Chemistry. The synthetic routes for the preparation of salicylanilide ester derivatives are summarized in 251 Table 2 and Table 3 . 268
Preliminary test was performed by using immersion method (Table 2) . Compound 4c exhibited 269 remarkable molluscicidal ability causing 100% mortality at concentration of 2.5 mg/L, which was as effective 270 as niclosamide. 4I also showed a satisfactory activity with 76.67%, 96.67% and 100% mortality at 271 concentrations of 2.5, 5, 10 mg/L, respectively. Unexpectedly, a dramatic loss of potency was observed in 4f, 272 only 20% snails killed at exposure concentration of 10 mg/L. Spraying method was carried out to determine 273 the sublethal and lethal concentrations of the most active compound 4c (Table 3) schistosome, agents like 4c and niclosamide, which are highly toxic to cercaricae, may cause inhibitory effect 296 on some important enzymes. Thus, salicylanilide ester derivatives were evaluated for their enzyme inhibitory 297 effect on NOS, LDH and AChE in the soft tissues of Schistosoma japonicum cercariae. According to the assay 298 results (Table 4) , niclosamide showed moderate to potent inhibitory activity on NOS, LDH and AChE (NOS: 299 IC 50 = 10 μM; LDH: IC 50 = 26 μM; AChE: IC 50 = 5.2 μM), respectively. On the other hand, although no LDH 300 and AChE inhibitory activity was observed, some of the salicylanilide ester derivatives (4c, 4f, 4i and 4l) 301 exhibited significant NOS inhibitory activity (4c: IC 50 = 11.5 μM; 4f: IC 50 = 8.9 μM; 4i: IC 50 = 11.4 μM; 4l: 302 inhibitory efficacy and cercaricidal activity was observed, suggesting the potential of NOS serving as one of 304 the drug targets of salicylanilide esters. 305
To further confirm the assumption, we treated Schistosoma japonicum cercariae with 4c for 4 hours in 306 three different concentrations and monitored the expression of NOS gene by RT-PCR. As shown in Fig. 3, 4c  307 down-regulated the expression of NOS in a dose-dependent manner. Especially, when cercariae treated with 308 100 μM 4c, the expression of NOS was significantly decreased. 309
Based on our previous findings, the structural modification of niclosamide was focusing on the 311 esterification of hydroxyl group. Introducing different ester groups resulted in remarkably different influence 312 on cercaricidal activity. SAR studies revealed that in general appropriate ester moieties could improve or 313 maintain the potency. Compounds possessing 4-fluoro (4f), 3, 4-difluoro (4i), 4-methoxy (4c) phenyl esters 314 showed potent cercaricidal activity. No cercaricidal activity was observed in the cases of 4d, 4e, 4g and 4h, 315 which had CN, NO 2 , Cl and Br substituents in the para-position of the phenyl ring, respectively. On the other 316 hand, introducing an allyl ester group (4l) imparted positive effect to potency. However, referring to the cases 317 of thiophene ring (4j) and cyclopropyl (4k), sudden drop of potency was observed. Although a more 318 comprehensive study is required to identify the optimal substituents at phenyl group, current data suggests that 319 introducing an appropriate substituted phenyl ring as an ester group of the scaffold is beneficial for 320 cercaricidal activity. 321
We also evaluated the molluscicidal potential of three active compounds against Oncomelania hupensis. According to the results, the molecular mechanisms of salicylanilide ester derivatives and niclosamide 357 were a little different. Salicylanilide esters showed potent inhibitory activity on NOS but no effect on LDH 358
and AChE. Niclosamide exhibited moderate to potent activity on all three enzymes. It seemed like introducing 359 an ester group and replacing chlorine atom of nitroaniline with methoxyl could selectively inhibit NOS rather 360 than LDH and AChE. Interestingly, a strong and significant correlation between NOS inhibitory efficacy and 361 cercaricidal activity was also observed, suggesting a responsible relationship. Further RT-PCR results 362 indicated that NOS was one responsible gene to 4c treatment. The expression of NOS was significantly down-363 regulated by 4c in a dose-dependent manner. The present work revealed that 4c could down-regulate NOS 364 expression and inhibit its enzyme activity, which suggested that NOS probably was one of the drug targets of 365 salicylanilide esters. By targeting NOS, they could influence the synthesis of NO leading to the disorder and 366 loss of various physiological functions, which may be considered as probable death of cercariae.activity, and RT-PCR results indicated that 4c down-regulated the expression of NOS in a dose-dependent 373 manner, which together suggested that NOS probably was one of the drug targets. It is noteworthy that 4c 374
showed not only potent cercaricidal and molluscicidal activity but also negligible toxicity to human kidney 375 cells and Danio rerio, which could be developed as a promising drug candidate against Schistosoma 376 japonicum at transmission stages. Field trials and further studies on the molecular mechanism of 4c are 377 currently under investigation. 378 b The LC 50 was tested after 48h exposure. 508
